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Available online 15 March 2008Loss-of-function technology has been one of the most popular knockout tools for the study of gene function in
cell and developmental biology. This technology employs two basic approaches for elimination of the protein
of interest. The morpholino antisense oligonucleotides approach relies on inhibiting translation of the given
protein without degrading the cognate mRNA. The antisense deoxynucleotides and siRNA approach acts via
removal of the mRNA template, which then prevents protein translation. In the latest approach, as well as in
these genetic knockout approaches that eliminate or alter the level of mRNA transcribed from the gene of
interest, the assumption is and always has been that the only relevant function of mRNA is to make a protein,
and, thus, the effect of removing mRNA equals the effect of removing its protein function. However, the most
recent studies of different biological systems point to completely novel and unexpected functions of the
subpopulation of localized RNAs and suggest that, at least in some cases, the normal cell or embryo phenotype
is in fact binary i.e. depends not only on the function of the protein but also on the autonomous function of its
mRNA.
© 2008 Elsevier Inc. All rights reserved.Keywords:
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DrosophilaIntroduction
The central goal of contemporary cell and developmental biology is
to relate newly discovered genes to the functions they play in cell
structure and embryo development. This can be achieved by the use of
loss-of-function (knockout) technology based on eliminating the
function of the gene of interest by eliminating its protein product.
There are two different approaches to this technology: (1), the
morpholino antisense oligonucleotides approach (unknown until early
2000),which relies on inhibiting translation of the givenproteinwithout
degrading the cognate mRNA (Heasman, 2002); and (2), the antisense
deoxynucleotides and siRNA approach, introduced about 10 years before
morpholinos, which acts via removal of the mRNA template, thus
preventing protein translation (Heasman, 2002; Fire et al., 1998).
In the latest approach, as well as in these genetic knockout
approaches that eliminate or alter the level of mRNA transcribed from
the gene of interest, the assumption is and always has been that the
only relevant function of mRNA is to make a protein, and thus, the
effect of removing mRNA equals the effect of removing its protein
function. However, the most recent studies on localized RNAs in
different biological systems (including HeLa cells, Xenopus, and
Drosophila) from independent laboratories point to completely
novel and unexpected functions of some of localized RNAs that may
require us to rethink some of the loss-of-function data.yahoo.com.
l rights reserved.The role of localized mRNAs in the organization and regulation of
cellular functions
The most recent, global analysis of mRNA localization pattern in
Drosophila embryogenesis performed using a high-resolution ﬂuor-
escent in situ hybridization revealed that 71% of expressed genes (out
of total 3370 genes analyzed) encode localized mRNAs with distinct
and dynamic localization patterns established before these mRNAs
start making proteins (Lécuyer et al., 2007). This ﬁnding was quite
surprising because it was always believed that the majority of RNAs in
the cell are nonlocalized i.e. are more or less uniformly distributed
within the cytoplasm. Lécuyer et al. (2007) suggest that the
localization of mRNAs to speciﬁc cellular compartments plays a
greater, than previously suspected, role in regulation of a majority of
cellular processes and in the nucleation and assembly of protein
complexes and organelles. This implies a priori that any interference
with the spatial and temporal arrangement of such localized RNAs
may have devastating and unforeseen effects on majority of cellular
functions.
Structural role of RNAs in the organization and maintenance of
cytoskeleton and in the anchoring of localized RNAs
Between 1994 and 2005, two independent laboratories showed
that, unexpectedly, non-coding and coding RNAs play a structural role
in the maintenance and integrity of cellular cytoskeleton and in the
anchoring of localized RNA in Xenopus laevis oocytes.
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vegetal axis. The animal hemisphere contains the oocyte nucleus, and
the vegetal hemisphere contains a plethora ofmaternal localized RNAs
(such as Xcat2, VegTand Vg1, Bicaudal-C, andWnt11mRNAs) that play
a role in endoderm,mesoderm, and germ cell speciﬁcation and that are
anchored at the oocyte vegetal cortex, which is built of a network of
cytokeratin and actin ﬁlaments (Heasman et al., 2001; Kloc et al.,
2002). In early 1990, working with Xenopus oocytes, our laboratory
identiﬁed Xlsirts, a novel noncoding repetitive RNA localized in oocyte
vegetal cortex (Kloc et al.,1993). In our search for the function of Xlsirts
in embryodevelopment,we employed the antisense deoxynucleotides
approach to remove Xlsirts RNA from the oocytes, which were
subsequently matured, fertilized, and developed into embryos. The
embryos resulting from Xlsirts-depleted oocytes did not display any
obvious abnormalities, but we noticed that, unexpectedly, the removal
of Xlsirts RNA caused the delocalization of another localized RNA, Vg1
mRNA, from the oocyte vegetal cortex (Kloc and Etkin,1994). Although
we had postulated in that study that Xlsirts RNA plays a role in
anchoringVg1mRNA at the vegetal cortex, at that time themechanism
underlying this phenomenon was still unknown. In 2001, work in
Heasman's laboratory showed that antisense oligonucleotide deple-
tion of another localized RNA, VegT mRNA, had the same effect as did
depletion of Xlsirts RNA (i.e. both caused the delocalization of Vg1
mRNA (VegT ablation caused also delocalization of Wnt11 and
Bicaudal-C mRNAs) from the oocyte vegetal cortex (Heasman et al.,
2001). This effect was speciﬁc for VegT mRNA but not for VegT protein
(whichplays a role in endodermspeciﬁcation) because themorpholino
oligonucleotides (which block translation but leave mRNA intact)
against VegT did not disrupt localization of Vg1,Wnt11, and Bicaudal-C
mRNAs (Heasman et al., 2001).
The fact that two unrelated RNAs – one noncoding (Xlsirts) and one
coding (VegT mRNA) – were needed to properly anchor other localizedFig. 1. Cytokeratin network and VegT mRNA in vegetal cortex of Xenopus oocytes. (A) En
associated with cytokeratin network (green, visualized by immunostaining with anti-pancy
oocytes. (C) Cytokeratin network in oocytes injected with antisense deoxyoligonucleotides a
Cytokeratin network in oocytes injectedwith antisense deoxyoligonucleotides against nonco
its collapse toward the yolk and cortical granules. (B–D) Immunostaining with anti-pancyto
details).RNAs at the oocyte vegetal cortex prompted us to look for a common
mechanism underlying this phenomenon. In subsequent studies, we
found that, indeed, both Xlsirts RNA and VegT mRNA have a novel and
unexpected role in the maintenance and organization of cytokeratin
cytoskeleton in oocyte vegetal cortex (Kloc et al., 2005). Analysis of live
oocytes using molecular beacons has shown that localized coding VegT
mRNAandnon-codingXlsirts RNAare integrated into thecytoskeleton in
such away that the individual RNAs have unique patterns of localization.
The destruction of these RNAs results in disruption of the cytokeratin
cytoskeleton in a transcript-speciﬁc manner and leads to defects in the
anchoring of other localized RNAs and germ cell determinants (germinal
granules) in the vegetal cortex of the oocyte (Fig. 1; Kloc et al., 2005,
2007). The structural function of VegTmRNA is independent of the VegT
protein, and organization of the cytokeratin cytoskeleton can be rescued
by the injection of exogenous VegT mRNA (Kloc et al., 2005).
Additional support for a new paradigm of RNA function in the
organization and maintenance of the cytoskeleton comes from the
studies of Blower et al. (2005). Using general RNA staining (propidium
iodide), these investigators showed that certain (but so far unidenti-
ﬁed) RNAs are associated with the mitotic spindle and asters, control
the dynamics of microtubules, and play a direct, translation-
independent role in the mitotic spindle apparatus assembly in Xeno-
pus egg extracts and human HeLa cells. Removal of these RNAs by
treatment with RNase A causes mitotic spindle collapse (Blower et al.,
2005). Recently, Lécuyer et al. (2007) using global in situ screening
found 33 distinct mRNAs associated with cell division apparatus.
Although the function of these mRNAs awaits further study it is very
plausible that some of them have a structural role in division appa-
ratus assembly or maintenance. Outside of the developmental biology
ﬁeld, the most recent studies of Meng et al. (in press) showed the
presence of RNA-cytokeratin complexes in human breast cancer cells.
Authors showed that the Aminoﬂavone (AF, the anticancer drug indogenous VegT mRNA (red, hybridized with Texas Red-labeled molecular beacons) is
tokeratin-FITC conjugated antibody). (B) Cytokeratin network in the cortex of control
gainst VegT mRNA. Ablation of VegT mRNA results in fragmentation of the network. (D)
ding Xlsirts RNA. Ablation of Xlsirts RNA causes partial fragmentation of the network and
keratin-FITC conjugated antibody. Bar is equal to 5 μm (see Kloc et al., 2005, 2007 for
403M. Kloc / Developmental Biology 317 (2008) 401–404early clinical trials) mediates crosslinking between cytokeratin and
RNA, which I believe may be one of the unforeseen mechanisms
contributing to its anticancer activity.
Taken together, all these ﬁndings demonstrate a novel structural
role of coding andnon-coding localized RNAs in the organization of the
cellular cytoskeleton and suggest that the removal of RNAs may have
profound effect on cell ultrastructure, architecture and function. In
addition, these ﬁndings may change our understanding of some of the
anticancer drugs functions and unlock a plethora of completely novel
and unexpected approaches in anticancer therapies.
Potential structural role of oskar mRNA in Drosophila oogenesis
The structural role of RNAs is most likely not limited to the
cytoskeleton. In Drosophila, the maternal gene oskar determines the
posterior pole of the egg and consequently is responsible for theFig. 2. Existing and updated model showing the correlation between the type of lost-of-func
that the exclusive function of mRNA is the translation of the protein. (B) In the existing m
antisense deoxoligonucleotides or siRNA techniques, which both prevent translation but cau
the loss of functional protein. (C) In updated model created on the basis of emerging novel s
only on the function of the protein but also on the autonomous function of its mRNA, which
technique should result in real lost-of-protein function phenotype. In contrast, antisense de
phenotype that results from combinatorial effect of lost of protein function and lost of RNAanteroposterior patterning of the embryo specifying the fate of the
abdomen and germ cells (Lehman and Nusslein-Volhard, 1986).
Because classic oskar mutants producing an abundant amount of os-
kar mRNA but lacking functional Oskar protein are unable to form
abdomenand germcells, itwas always assumed that these phenotypes
are related to the function of theOskar protein. However, in their study,
Jenny and colleagues described two new oskar mutants that lack or
produce reduced amount of oskar mRNA (Jenny et al., 2006). These
mutants show stronger oskar phenotype: arrest in oogenesis and an
inability to produce eggs (eggless phenotype). Using a rescue approach
with transgenic ﬂies unable to make the Oskar protein, these inves-
tigators also showed that, unexpectedly, the oskar mRNA, but not the
Oskar protein, is required for oscar function in early oogenesis (Jenny et
al., 2006). In addition, Jenny et al. demonstrated that the expression of
the oskar 3′ untranslated region (3′ UTR) is able to rescue the eggless
defect of the RNA null mutant of Drosophila. These authors suggestedtion technique and resulting phenotype. (A) Existing model is based on the assumption
odel, the morpholino technique that prevents translation but leaves mRNA intact, and
se mRNA degradation, should result in exactly the same abnormal phenotype caused by
tructural function(s) of mRNAs, the normal phenotype is in fact binary i.e. depends not
could be unrelated to protein function. (D) In the updated model, only the morpholino
oxoligonucleotides or siRNA techniques could potentially result in the abnormal binary
function.
404 M. Kloc / Developmental Biology 317 (2008) 401–404that oskar mRNA may function structurally as a scaffold for the
assembly of cytoplasmic complexes, or it may bind other factors in an
RNP-like particle essential for oocyte development (Jenny et al., 2006).
Prospects
All these data indicate that at least some of the localized mRNAs
can have autonomous function unrelated to the function of their
cognate proteins. This suggests that, at least in some cases, the normal
cell or embryo phenotype is in fact binary i.e. depends not only on the
function of the protein but also on the autonomous structural function
of its mRNA, which could be unrelated to protein function (Fig. 2). This
in turn leads to a startling question: How accurate are conclusions
about the function of a given protein if the applied loss-of-function
technology was based exclusively on the removal or lack (in case of
mutants) of cognate mRNA? It is very possible that, at least in some
cases, the observed loss-of-function phenotypes attributed to the
protein function in reality resulted from either the combinatorial
effect of protein and mRNA function or exclusively from the unfore-
seen function of mRNA transcript.
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